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The Annealing of Phosphorus-Ion-Implanted 
Cadmium Telluride by a Pulsed  Electron Beam 
C. B. YANG, J. T. LUE, H. L. HWANG, AND M. L. PENG 
Abstruct-A pulsed  electron beam of 10 p s  FWHM has been success- 
fully applied to anneal phosphorus-implanted CdTe. The sheet resis- 
tance drops to 6.3 X lo2 Sl/O from nearly infinite for the As-implanted 
wafers as the irradiation intensity exceeds 9.2 Jlcm'. A p-type carrier 
concentration as high as 3 X 10'' has been reached as measured 
by the van der Pauw and Hall techniques. 
T 
I. INTRODUCTION 
HE IMPETUS for this study is  that CdTe, because of 
its  high bandgap (Eg = 1.5 eV),  can  be used for ex- 
cellent radiation detectors  operated  at room temperature. 
[ 11, [2]. Also, the low optical absorption of CdTe  in  wave- 
lengths of 1 .to 30 pm and its large nonlinear dielectric 
coefficient make it useful for the fabrication of electroop- 
tic modulators 131 and optical integrated circuits [4]. Fur- 
thermore, CdTe is the only compound in 11-VI semicon- 
ductors, in which  p-n homojunctjon diodes can be formed. 
The lattice mismatch between CdTe and Hg, -.Cd,Te is 
only 0.3 percent, allowing a high-quality epitaxial growth 
of Hg, -xTe on it for infrared  detector applications [5]- 
Although CdTe has so many potentially significant ap- 
plications, problems still exist that limit its widespread 
use. Firstly, it is difficult to control the minority-carrier 
behavior and secondly, it lacks doping control to low-re- 
sistivity in p-type material [SI. Two types of donor im- 
purity have been identified in CdTe, the  group 111-A ele- 
ments like Al, Ga, and In which presumably substitute for 
Cd,  and  the  group VII-A halogens like C1,  Br; and I which 
presumably substitute for Te.' Likewise, the group I-B ele- 
ments Cu,  Ag,  and Au and group I-A alkali metals Na and 
Li are considered as acceptors substituting for Cd sites. 
Also, the  group V-A elements P, As, and Sb  are considered 
as  acceptors substituting for Te sites. 
It has been generally observed that  the doping of n-type 
in CdTe is easy, but not so for p-type. The reason may 
arise both from strong compensation effect and low  solu- 
bility of the dopant  species.  In  this work, we found that 
the activated acceptor concentration of phosphoius-ion- 
implanted CdTe can be as high as 3 X 10" cm-3 after 
pulsed electron-beam annealing which has never been 
reached by the conventional thermal annealing method. 
171. 
Manuscript received February 22, 1985; revised May 26, 1985. 
C. B. Yang, H. L. Hwang, and M. L. Peng are with the Department of 
Electrical Engineering, National Tsing Hua University, Hsinchu, Taiwan 
300, Republic of China. 
J. T. Lue is with the Department of Physics, National Tsing Hua Uni- 
versity, Hsinchu, Taiwan 300, Republic of China. 
11. FUNDAMENTAL PPROACHES 
The behavior of an impurity in II-VI compounds is not 
simple, the incorporated impurities  are compensated elec- 
trically by native defects which are ionized with the op- 
posite sign (the self-compensation effect [9]). Impurities 
often form complex centers with native defects [ 101. There 
are many factors  that might limit the formation of high 
hole concentration such as compound nonstoichiometry, 
implantation substrate  temperature, post-implantation an- 
nealing temperature, and the excess Cd pressure duri,ng 
heat treatment. Almost a 100-percent doping efficiency 
can be achieved for a 300°C  As+ implantation of lOI5 ions/ 
cm2, if the CdTe has been previously annealed in Cd vapor 
at 400°C for 24 h [ll]. 
The conventional thermal annealing techniques have 
many drawbacks such as outward difision, thermal 
disassociation due to long-term annealing, and incomplete 
amending of defects because of the lack of  sufficient latent 
heat. In transient  pulse annealing because of its short time 
interaction,  the diffusion length of atoms is extremely nar- 
row and the recrystallization is improved by the liquid-to- 
solid epitaxial regrowth 1121. In comparison with laser 
annealing, pulsed electron-beam annealing has the major 
advantages of large-area processing, high conversion ef- 
ficiency, and independence from the  surface optical char- 
acteristics. In this work we attempt to find an effective 
way for p-type doping in CdTe and specify their electrical 
characteristics by electron-beam annealing. 
111. EXPERIMENTAL METHODS 
The CdTe single crystals were grown by the traveling 
heater method [13] and sliced into wafers. Bromine-meth- 
anol solution was used for chemical polishing to etch off 
the mechanical damage. The energy of implanted PC was 
100 keV and the dose .was ranged between lOI4  and 10l6 
ions/cm2. The cathode and anode of the electron-beam 
tube is connected to a bank capacitor ( c  = 19.2 pF) of very 
low inductance. The charging voltage of the capacitor de- 
termines  the flash energy of the pulsed electron beams. A 
marx generator, which can boost the supplying voltage 
three-fold, is used to  trigger the main discharge. Consid- 
ering that the electrostatic energy stored in the capacitor 
is fully extracted for the electrons to travel  in the forward 
direction,  the  irradiation energy hitting the sample is es- 
timated to be 
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Fig. 1. The sheet resistance versus irradiation energy density for various 
ion-implanted  doses. 
where I/ is the supplied voltage and R is  the distance be- 
tween the cathode and the sample surface. 
After  the pulsed electron-beam annealing and the four- 
point probe, the Hall and van der Pauw methods were 
employed to diagnose the electron-beam. annealing eI3:ct. 
The ohmic contact for the electrical leading wire of the p- 
type CdTe was performed by ultrasonic soldering of in- 
dium.  In this experiment, bromine-methanol was used as 
the  etchant. Only a selected area of the wafer was etched, 
the remaining areas being covered with wax. After a con- 
stant duration of etching, the sample was taken out and {he 
solution was heated in a water bath. The methanol was 
evaporated and only the  Cd and Te with the bromine re- 
mained; this was further dissolved in a 3.5-percent HMO3 
for measuring the' etching rate by the atomic emission 
spectrometry. The etching rates were determined to be 
2.5, 8.3, 17.1, and 38.4 A/s for a Br-methanol concentra- 
tion of 0.05, 0.25, 0.5, and 1 percent, respectively. To oi3- 
tain uniform etching and more precise control of the etch- 
ing rate,  the solution was  kept at 0.05 percent. 
IV. ELECTRICAL PROPERTIES AFTER ANNEALING 
The sheet resistance for various doses of P+ implanted 
CdTe as a function of irradiation energy is depicted in Fig. 
1. The sheet resistance drastically decreases as the irra- 
diation energy reaches 9.2 J/cm2 and has a minimum of 
6.3 X 102 Q/o and then increases again  as  the irradiation 
energy exceeds 10.1 J/cmZ.  Surface asperities due to elec- 
tron bombardment and nonstoichiometric dissociation a: 
excess energy may explain the existence of critical energy. 
The  surface density of the activated doping concentration 
as a function of irradiation energy density is also plot- 
Fig. 2. The surface carrier concentration for various irradiation energy 
density. 
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Fig. 3. The maximum  sheet carrier concentration  and  doping  efficiency  as 
function of P+ implanted  doses. 
ted in Fig. 2. These two figures confirm the  same critical 
energies. 
Fig. 3 shows the maximum surface hole concentration 
and doping efficiency as a function of implanted doses. 
The different volatilities of the component of CdTe may 
disturb  its stoichiometry and gives rise to intrinsic lattice 
defects which can compensate the implanted impurities 
[14]. Cd vacancies, for example, have the acceptor prop- 
erties and can compensate the implanted donors [15]. 
When CdTe is doped with acceptors (e.g., phosphorus), 
some of the implanted impurities will occupy the  Cd va- 
cancies and become a triple\donor resulting in degrading 
the doping efficiency [16]. The doping efficiency  was 
found to  decrease with the implanted ion doses. This is 
because the  increase of the active carrier cannot match the 
increases of implanted doses, and most of the implanted 
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Fig. 4. Profile distribution for the Pf implanted CdTe, curve A is calcu- 
lated via LSS theory for the As implanted, curve B is electron beam 
annealed,  and curve C is thermal  annealed. 
ions are compensated by the crystal lattice defects. The 
surface  carrier  concentration  can reach l O I 4  ions/cm2 only 
at a dose larger  than 1015 ions/cm2.  The saturation of car- 
rier  concentration was found to  occur  at  an ion dose of 
5 X 1015 ions/cm2. 
Using a slow etching rate of about 2.5 A/s, the carrier 
concentration  and mobility distributions can be measured 
layer by layer. As shown in Fig. 4, curve A is  the calcu- 
lated profile distribution for the As-implanted wafer 
which  follows the LSS equation [17] 
where Rp is the projected  range and AR, is  the standard 
deviation. The profile distribution by pulsed electron-beam 
annealing is plotted by curve B .  For comparison, the re- 
sults from elsewhere [18] involving thermal annealing are 
depicted in curve C. The surface concentration for the 
electron beam annealed sample can reach 2.97 X 10'' ions/ 
cm3. Comparing these  results,  the electron-beam anneal- 
ing shows better  results  in solving p-type doping problems 
in CdTe. We also studied the encapsulated effect on the 
annealing process. A thickness of 1000-A Si3N4 was ap- 
plied on  the CdTe surface by the plasma enhanced chem- 
ical vapor deposition method after  the Pf implantation. 
After pulsed electron-beam annealing the Si3N4 film  was 
removed by immersing the sample in an 85-percent H3P04 
solution. No drastic change in sheet resistance was de- 
tected for annealing with and without capsule, indicating 
that the evaporating of Cd is negligible during short-pulse 
annealing. 
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Fig. 5. Photoluminescences  observed at 14 K for  (curve A )  heat  treated  at 
400°C in  Cd  vapor,  and  (curve B) pulsed  electron-beam  annealed. 
V. PHOTOLUMINESCENCE  STUDY 
The basic features of the photoluminescence spectrum 
of CdTe can be grouped into three regions specified as 
exciton lines within about 20 meV from the band edge, 
various lines lying in 1.53-1.55 eV attributed to donor- 
acceptor transitions involving the Cd vacancy, and a broad 
band emission around 1.40 eV. Fig. 5 shows the emission 
spectrum at temperature 14 K for the thermal annealed 
(curve A)  and electron-beam annealed (curve B) samples, 
respectively. The satellite peak at 1.595 eV only occurs 
for the sample which  was heat treated  at 400°C in Cd  va- 
por. This may be attributed to  the overlap of the,near band 
edge exciton line due to  Cd  interstitial induced donor tran- 
sition at 3.5913 eV and the acceptor exciton line  at 1.5884 
eV [19], [20]. These two closely unresolved lines can  be 
clearly resolved at even lower temperatures.  The electron- 
beam annealed sample shows much weaker intensity and 
fewer exciton lines for the photoluminescence spectrum. 
This attests  to  the fact that a more thorough amending of 
the ion-implanted damages can be obtained by pulsed 
electron-beam annealing. 
VI. CONCLUSIONS 
Electron-beam annealing has been demonstrated to be 
an effective method to  anneal the damage of P+ implanted 
CdTe. The  range of the critical irradiation energy density 
was determined between 9.2 and 10.1 J/cm2 for a pulse 
FWHM of 10 p s .  With shorter pulse width,  the heat con- 
duction toward the bulk side is reduced, and therefore the 
threshold irradiation  can  be diminished. It was  found that 
the implanted ion dose must be  larger than 1015 cm-2  to 
ensure a high doping concentration. 
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